In a weakly first order phase transition, the typical scale of a subcritical bubble calculated in our previous papers turned out to be too small. At this scale quantum fluctuations may dominate, and our previous classical result may be altered. We thus examine the critical size of a subcritical bubble where a quantum·to·classical transition occur through quantum decoherence. We show that this critical size is almost equal to the typical scale which we obtained previously. § 1. Introduction A non-equilibrium electroweak phase transition is crucial for successful electroweak baryogenesis.
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1 > So far, there have been three aspects studied for the sake of clarifying the structure of this first order phase transition: 1) calculations of higher loop corrections, 2 > 2) lattice calculations 3 > and 3) subcritical bubbles. 4 > The first two aspects are necessary for the quantitative construction of the potential. However, the last aspect is the most important for clarifying the non-equilibrium nature of the phase transition.
In this paper therefore we shall discuss the phase transition with a given potential and concentrate on the third aspect. The existence and nature of supercooling is clarified through the consideration of the strength of the thermal fluctuation in the symmetric phase. In a familiar example, thermal fluctuations yield "bubbles" in boiled water. The bubbles perpetually repeat expansion and collapse due to strong surface tensions. If the occupation ratio is too large, further critical bubbles cannot be created even if the potential has a barrier between two vacua. A model of thermal fluctuation has been first proposed by Gleiser et al. 4 > They assumed an 0(3)-symmetric configuration with a spatial scale on the order of the correlation length. After this work, fundamental problems have been actively investigated. 5 H> Recently, we have estimated the typical size and strength of thermal fluctuation in the minimal standard model by using the subcritical bubble with 0(3)-symmetric configuration and a statistical averaging method. 6 
>'
7 > The typical size of the bubble turns out to be small compared with the correlation length, and thus the strength of the thermal fluctuation becomes large. The conclusion is that the electroweak phase transition is a first order one without supercooling, and therefore the ordinary electroweak baryogenesis cannot work.
However, we must worry about the smallness of the bubble because, as we will see soon, the number of states inside a bubble calculated in the thermal state is ~ () (1) at the critical temperature. This might imply that the classical treatment is incomplete. So we must estimate the critical size, where a quantum-to-classical transition occurs. it is of a classical nature.) The remainder of the present paper is organized as follows. In § Z, we review our previous study in which the typical scale of a bubble is estimated, and we point out that the number of states inside a bubble is too small for its classicality. Further, we estimate the lifetime of subcritical bubbles. In § 3 we derive the master equation for the reduced density matrix to discuss the classicality of a bubble. In § 4, we give the lower bound of the radius for classicality comparing these time scales and show that the critical size is the same order as the previous one. Finally, we give a summary and discussion in § 5.
Hereafter, concrete values will be calculated assuming a Higgs mass of 60 GeV and that the temperature is the critical one at which two vacua degenerate. § 2. Typical size and lifetime of subcritical bubbles
We first review our estimation of the typical size of the thermal fluctuation and estimate the mean lifetime of the subcritical bubbles. The Lagrangian of the Higgs field is given by
(Z ·1)
Around the critical temperature ( Tc), the ansatz
is reasonable because ¢+ is the asymmetric value of the field which is the most likely value. Inserting this into the original Lagrangian, we obtain the Hamiltonian
where Pis the canonically conjugate momentum of Rand M(T, R) :=157r 312 ¢/R/8/2. In the case of the minimal standard model, a becomes (Z·5) where D, E and ilT are determined by one-loop corrections of electroweak particles, respectively; D~0.17, £~0.01 and ATc~0.035. Further, ¢+=(3ET/ZIIT) [ 
where /( T) is the correlation length. One can easily see that the averaged radius is smaller than the correlation length.
As the Gaussian ansatz is imposed on the Higgs field, the number of states inside a bubble of this radius becomes (2. 7) in the thermal state. Around T = Tc the number is ~ 0 (1) , and this might imply that our classical treatment is not complete.
Next, let us estimate the lifetime of the subcritical bubble. This time scale will be compared with the decoherence time in In the previous section, we found that the number of states is too small for classicality and therefore that a classical treatment may not be complete. However, this aspect of the number of states is not complete to determine whether the system is quantum or classical. In general, there are two classicality conditions: classical correlation and quantum decoherence. The former condition is satisfied in the case that a sharp orbit in the phase space exists -for example, when the WKB approximation is good. Unfortunately, one cannot take the limit li-+0 now, otherwise one cannot discuss the temperature dependent phase transition, and thermal fluctuations vanish. One should remember the fact that the first order-type effective potential was obtained by calculating loop corrections. Therefore, we study a very elaborate determination based on the quantum decoherence. 
Here we use the following notation: X4=X-X' and Xc=(X + X')/2. Further, we assumed that the initial density matrix can be written by 
where Hf is the Hamiltonian of the top quark. The above F[ ¢, ¢'] is referred to as the influence functional.
9 > Here the kernels A(x-x') and B(x-x') are calculated from one-loop diagrams, respectively,
A(x-x')= / 2 lm[S(x-x')S(x' -x)]O(t-t')
and
B(x-x')= PRe[S(x-x')S(x' -x)],
where S(x-x') is the dressed Green's function of the top quark, which has the expression e-rltl . . .
S(p, t)=-2-[(-Y
and r is the decay width, given by r~(P/87r)T in the high temperature limit. aS [¢] gives the loop correction to the original potential, and /(x) is the Fermi distribution (f(x)=1/(ePx+ 1)). The above calculation is almost the same as that of a one dimensional system with harmonic oscillators.
10 > Also, the calculation in the influence functional is almost the same as the one in the in-in formalism. In the high temperature limit, the master equation becomes ( 2 ) 4 FbRo
Pr, The derivation of this master equation is tedious, but simple, and is performed by the same procedure as that in Ref. 10). The last term on the right-hand side is complicated compared to ordinary cases. However, only the region z-::o::.z' is relevant for our purpose:
Thus we obtain the familiar result with small extra terms. These extra terms may have appeared because the ansatz of a subcritical bubble is not an exact solution of the field equation. § 4. Friction, diffusion and decoherence
In this section, we examine the validity of the classical treatment for the evalua· tion of the typical scale of the. thermal fluctuation. First we must give the quantum decoherence condition. Here we define the following quantity:
This is a definite measure of classicality: OQD becomes 1 for the pure state and 0 if the quantum coherence is completely destroyed. This measure satisfies the equation
Pr z, z, r Pr z, z, r . respectively. rQc is the time scale on which the friction recovers the quantum coherence, and rQD is that on which diffusion destroys the quantum coherence.*> For decoherence and complete classicalization, the relation rQo:-::;; rQC must be satisfied, and this inequality implies the lower bound for the radius of a bubble, (4 ·5) Furthermore, one notes that the lifetime of subcritical bubbles should be longer than the time scale of the complete quantum decoherence. The inequality rQo:-::;; rure must also be satisfied, that is,
Unfortunately, in the above argument we have used a simple order estimation, and therefore we cannot determine the exact value for the critical size. On the other hand, the average radius is <R>r~0.012 GeV-
•
Thus the critical size where quantum-to-classical transition occurs is roughly given by <R>r.
The above result suggests that subcritical bubbles should be treated by quantum mechanics and the typical size should be calculated using the Wigner function. § 5.
Summary and discussion
We estimated the critical size where the quantum-to-classical transition occurs. It turned out to be on the same order as the classical statistical averaged radius. This means that subcritical bubbles should be treated as quantum systems with dissipation at the critical temperature.
Although we have treated the fluctuations as classical in our previous papers, at least in the minimal standard model with mH=60 GeV, they are quantum rather than classical in nature. Fortunately, one can guess that the quantitative result calculated based on quantum mechanics does not cause a drastic change on the typical size (beside a factor of order one) because the bubble is on the boundary between the classical and quantum regions, and then the results should be on the same order. Hence we might conclude again that electroweak phase transition in the minimal standard model cannot accompany any supercooling even if the potential is of the first order type.
In order to obtain an exact value for the typical size of the thermal fluctuation, one must solve the master equation or follow the time evolution of the Wigner function. As one cannot take the limit li--"0 in the present problem, the equation for the Wigner function does not coincide with the classical Fokker-Planck equation *l Neither time scale depends on the coupling constant. This comes from the high temperature limit and the fact that we take into account only the coupling with one fermion. If one considers the interaction with gauge fields, the dependence of the coupling constant appears.
obtained by reading the imaginary part of the effective potential as noise in our previous paper.7l Some higher derivative terms appear and are left for the case in which one cannot take n---> 0. Moreover, despite the fact that the term (3 ·18) gives the diffusion term in the quantum Fokker-Planck equation, the corresponding noise is not Gaussian as in the previous paper. These problems will be investigated in our future study.
